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A B S T R A C T

Institute for Plasma Research (IPR), Gandhinagar (India) is currently involved in the design and development of
its Lead-Lithium Ceramic Breeder (LLCB) module for testing in the International Thermo-nuclear Experimental
Reactor (ITER). In order to fulfill the ITER safety requirements, some postulated events need to be analyzed.
Among them, the internal loss of coolant accident is being studied using RELAP/SCDAPSIM/MOD4.0 code. To
this aim, RELAP/SCDAPSIM/MOD4.0 capabilities of modeling lead lithium eutectic (LLE) and helium flows are
being extended nowadays by a collaboration of three institutions, namely IPR, Innovative System Software (ISS)
and UPC-BarcelonaTech. The current study is part of this effort and is focused on the adjustments of existing
RELAP/SCAPSIM/MOD4.0 flow regime maps in order to deal with the LLE-helium pair. Due to the lack of ex-
perimental data, the current study is based on a numerical assessment of LLE-helium flows.The volume of fluid
method implemented in OpenFOAM toolkit has been chosen to characterize the flow regime at different mixture
velocities and helium fractions. The paper includes a description of the followed methodology and its validation.
Results of the systematic simulations of both horizontal and vertical upward flows are shown and the proposed
flow diagrams presented. It is worthwhile to mention that the numerically obtained flow regime maps must be
validated by an experimental campaign. However, the current approach allows the use of RELAP/SCDAPSIM/
MOD4.0 code to properly initiate the study of breeding blanket off-normal events postulated for Lead-Lithium
Ceramic Breeder, Helium Cooled Lithium-Lead and Dual Coolant Lithium-Lead designs.

1. Introduction

Liquid water and steam pair has been the main actor in many en-
ergy systems. However, nowadays, the use of different fluids for heat ex-
changers and other energy applications is becoming very popular. Gen-
eration IV fission reactors may use molten salt, helium, liquid metals
such as sodium or lead or even supercritical water. In fusion reactors,
when liquid breeding blankets are considered, two pair of immiscible
fluids coexist to fulfill with breeding and heat extraction specifications.
This is the case of lead lithium eutectic (LLE) and helium, LLE and water,
and lead bismuth and helium, among others. This tendency may even
extend to thermal solar plant systems where different kinds of oils and
molten salts are being used. The use of all these types of multiple fluids
poses new challenges in the field of thermal-hydraulic system codes [1].

Institute for Plasma Research (IPR), Gandhinagar (India) is currently
involved in the design and development of its Lead-Lithium Ceramic
Breeder (LLCB) module for testing in the International Thermo-nuclear
Experimental Reactor (ITER). The LLCB design [2] uses Li2TiO3 peb-
bles as ceramic breeder and low-pressure helium to extract bred tri-
tium. Ceramic breeder zones are surrounded by liquid lead

lithium eutectic (LLE) channels with the aim to extract the nuclear heat
and further increase the tritium permeation ratio. The plasma facing first
wall is cooled by high-pressure helium, and the whole structure is made
of Reduced Activation Ferritic Martensitic Steel. In order to fulfill the
ITER safety requirements, the proposed LLCB design must be tested un-
der abnormal event sequences to demonstrate that the prescribed safety
limits are not exceeded in any situation. The postulated events need to
be analyzed by an internationally recognized and well-validated code
such as MELCOR or RELAP.

In this framework, the capabilities of RELAP/ SCDAPSIM/ MOD4.0
have been extended to first include LLE properties [3] and then include
the capability of modeling mixture flows with LLE and dry helium [4].
With these implementations, the code is able to simulate transient sce-
narios involving the mixture of liquid LLE and helium such as an inter-
nal loss of coolant accident in LLCB due to a leakage of high-pressure
helium (8 MPa) cooling channels into the LLE breeder zone at 1.2 MPa,
resulting in a pressurization of the breeding blanket module.

However, two main issues must be solved in order to have accu-
rate simulation results. On one hand, RELAP/ SCDAPSIM/ MOD4.0 flow
regime maps are defined for steam-water pair and, thus, the assessment
of its validity for LLE-helium pair must be performed. On the other
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hand, due to the law LLE Prandtl number, current RELAP/SCDAP-
SIM/MOD4.0 heat transfer correlations do not apply and new correla-
tions must be implemented. The present work is focused on the study of
LLE-helium flow regime maps under isothermal flow conditions, where
heat transfer correlations are not used.

The proposal here presented assumes that an equivalent flow regime
map to the steam-water one can be obtained for LLE-helium pair. This
assumption is supported by the fact that, among the dimensionless pa-
rameters that allow to assess the multiple flow regimes, there is no ref-
erence to the chemical composition of the fluids nor phase change phe-
nomenon. Indeed, according to [5], these key dimensionless parame-
ters include the density ratio of both fluids, the Froude and Reynolds
numbers for each fluid, the liquid-to-gas superficial velocity ratio, the
Weber number, the inclination angle and the roughness to diameter ra-
tio. Moreover, comparing the steam-water pair with the LLE-helium one,
both cases include a gas and a liquid phase and both the density and the
viscosity ratios are of the same order of magnitude. Therefore, the aim
of the present study is to determine where the transitions between dif-
ferent LLE-helium regimes appear.

Due to the lack of experimental programs with the use of these ad-
vanced fluids, computational fluid-dynamic (CFD) applications might be
the only short term solution in order to obtain new flow regime maps
and correlations to be used in system codes until a sufficient data base
of experimental results is available. To this aim, and as a preliminary
step before an experimental campaign is available, numerical simula-
tions with the OpenFOAM toolkit are proposed.

Multiple fluid CFD simulation have proved to provide with reliable
results, as shown in [6] for air-water pair, or in [7] for oil-gasoil vapor
pair. Moreover, CFD studies considering LLE-helium pair are appearing
in the latest years, as is the case of [8] where an in-vessel break in the
Chinese DFLL test blanket module design is simulated.

In this paper, the methodology followed to perform the numerical
study of a two fluid flow of LLE and helium under different flow con-
ditions is described in Section 2. This Section includes a verification of
the numerical code and the reference case set up for the study. Numer-
ical results and the proposed phase diagram for horizontal and upward
vertical flows are explained in Sections 3 and 4 respectively. Final re-
marks are summarized in Section 5.

2. Methodology

Original RELAP/SCDAPSIM/MOD4.0 (hereafter RS/MOD4.0 for sim-
plicity) flow regime maps [9] are based on a simplification of Taitel and
Dukler [10] [11] proposal with the inclusion of post-critical heat flux
regimes as suggested by Ishii [12–14]. Among the four regime maps im-
plemented in RS/MOD4.0, our study is focused on the ones related to
both horizontal and vertical up-flow pipes for their interest in the two
postulated accidents under study mentioned in the previous Section.

It is out of the scope of present study to simulate the real transient of
the break and high-pressure leakage into LLE ducts in a loss of coolant
accident. The aim is to identify the flow regime under different flow
conditions, not spatial or transient transitions between flow regimes. For
that purpose, the studied cases consist on ducts with periodic and steady
flow conditions at both inlet and outlet boundaries. Also, in order to re-
duce the computational cost of the simulations, a two-dimensional study
is performed. The chosen duct width is D = 2 cm, which is the expected
size in LLCB design. The non-slip condition is assumed at the walls and
the total length of the simulated duct is 25D, what is considered to be
long enough to capture big structures and flow patterns.

In the present study, isothermal flow conditions and incompressible
fluids are assumed. This might lead to two main simplifications. From
one side, stable flow conditions can be assumed despite the pulse oper-
ation of ITER plasma. From the other side, it means that the effect of

pressure on properties is neglected. The advantage of this second sim-
plification is that periodic flow conditions can be applied. However, un-
der LLCB loss of coolant accident conditions (one of the two postulated
accidents under study), high pressure gradients are expected near the
leakage, thus, the results of the current study where incompressible flow
conditions are assumed might be applied once pressures are normalized.
The effect of temperature variations under forced convection conditions
is not expected to be significant.

Under LLCB normal conditions, the LLE average temperature and
pressure is 600 K and 1.2 MPa, respectively. Under such conditions
and according to previous RS/MOD4.0 implementations [15], the den-
sity, dynamic viscosity and surface tension of LLE are considered to
be 9577 kg/m3, 1.928×10−3 Pa·s and 0.454 N·m respectively. Also, the
helium density is fixed at 1.605 kg/m3 and its dynamic viscosity at
3.182×10−5 Pa·s.

The chosen numerical model for the simulations is, as a first ap-
proximation, the Volume of Fluid (VOF) [16] approach implemented in
OpenFOAM toolkit (https://openfoam.org, [17]). This method has been
chosen as it provides a fair equilibrium between accuracy and compu-
tational cost. VOF method considers a unique set of transport equations
(continuity, momentum and energy) for the mixture and solves an extra
equation for the phase fraction α. In OpenFOAM, α equation is modified
according to Wardle and Weller [18], where an artificial compression
term is added. The modified transport equation for α is solved using the
multi-dimensional limiter for explicit solution (MULES) method [19].
Navier–Stokes equations are solved following the Pressure Implicit with
Splitting of Operator (PISO) algorithm and the k-omega SST RANS tur-
bulence model [20] has been chosen with wall functions when needed.
The k-omega SST model has been chosen as it combines the best ele-
ments of the k-epsilon and the k-omega turbulence models with the help
of a blending function [20]. The same turbulence model has been also
used in similar studies [6]. The original solver has been extended to ac-
count for periodic flow conditions.

The chosen mesh is orthogonal and has 60 nodes along the duct
width and 750 nodes along the duct length. The concentration towards
the wall is imposed by a geometry progression where the ratio between
the cell closest to the wall and the duct axis cell is fixed at 5. In Fig. 1 a
detail of the mesh is shown. This mesh is defined following suggestions
from [21] and [22]. Thus, the mesh is considered fine enough to skip a
mesh refinement analysis. A Courant number of 0.5 is also fixed. Simu-
lation time is chosen so as time averaged values remain stable.

The obtained flow regime for each simulated duct is qualitatively
identified and compared with the predicted one by the RS/MOD4.0 flow
regime map, which is specific for steam-water pair. Adjustments are
then proposed.

2.1. Verification of the methodology

The above mentioned methodology is verified using simulations of
horizontal ducts filled with steam-water pair and using the flow regime
map from Baker [23,21] as a reference. Duct dimensions, mesh and nu-
merical strategy are the same as the ones previously defined. Some rep-
resentative results are shown in Fig. 2, where four regimes are clearly
identified with the proposed methodology: stratified, plug, bubbly and
slug flow. However, some limitations must be kept in mind. From Fig.
2 it can be observed that the definition of a flow pattern is more un-
certain when the studied flow is close to an interface, where two or
more flow patterns coexist (i.e. cases #3 and #5). Also, bubbly flows at
large velocities (i.e. case #7) could be more accurately simulated with
a finer mesh, obtaining a more precise capture of the bubble shape;
however, results are clear enough to identify the phase. Another lim-
itation of the methodology is the accuracy in capturing flows at very
small (<0.1) or very high (>0.9) helium fractions, since the mesh
should be further refined. Bearing in mind the above stated limitations,
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Fig. 1. Detail of the mesh for the duct of 2 cm of diameter.

Fig. 2. Location of 7 simulated cases with air-water pair on Baker [23] flow regime map.

the methodology is considered to be accurate enough for a preliminary
proposal of the LLE-helium flow regime map.

3. Horizontal flow

A systematic simulation of horizontal ducts at different helium frac-
tions and mixture velocities is performed. Chosen helium fractions are
in the range of 0.1–0.9, whereas mixture velocities between 0.001 m/s

and 1000 m/s are studied. Such high mixture velocities have been re-
quired in order to obtain bubbly and annular mist flow patterns.

Figs. 3–5 locate some selected results on the flow regime map from
Baker [23,21]. It should be noted that L and G stand for the liquid
(LLE) and gas (helium) mass flux, respectively. The two corrector mul-
tipliers, λ and ϕ, depend on liquid and gas properties and are used to
adapt the flow diagram originally obtained for air-water pair to any

Fig. 3. Location of horizontally stratified cases for horizontal LLE-helium flows on Baker [23] flow regime map.

3
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type of pair. As seen in Fig. 3, horizontally stratified flows are accu-
rately captured within Baker's expected range. Also, an unstable strati-
fied flow is obtained in the transition between horizontally stratified and
plug flow. Indeed, considering the mixture Froude number (Fr) from Eq.
(1), horizontally stratified flows are obtained when the constrain Fr<1
is fulfilled. In Eq. (1) U stands for mixture velocity, g for gravity inten-
sity and ρm for mixture density.

(1)

Concerning annular mist and bubbly flows (Fig. 4) a large discrep-
ancy is obtained between the presented results and Baker's diagram. In-
deed, the simulations show annular flow regimes in Baker's bubbly flow
region. In fact, annular flows are obtained not only at high helium frac-
tion but also at moderate helium fraction scenarios, as predicted in orig-
inal RS/MOD4.0 flow regime map.

Clearly defined slug or plug flows have been difficult to obtain us-
ing the current methodology, as seen in Fig. 5. Big helium structures
are obtained with a tendency of accumulating helium at the top wall.
But in some cases they coexist with an initiating annular flow or even

bubbly flow. Following RS/MOD4.0 strategy, we have grouped these un-
defined flow regimes in what we call intermittent (INT) flow.

3.1. Proposed flow diagram

The flow diagram in RS/MOD4.0 code for horizontal flows relates
the flow pattern with the phase fraction and the total flux M (M=L+G).
Thus, Baker's diagram [23] is first adapted to these axes in Fig. 6.

In order to fit Baker's flow regimes into RS/MOD4.0 notation, both
slug and plug flows are grouped in a single flow regime here named in-
termittent and named slug in RS/MOD4.0. Also, annular and dispersed
flows have been grouped in what RS/MOD4.0 calls annular mist flow
regime. Finally, some modifications in order to fit with the obtained re-
sults are applied. The result of the proposed flow regime map with the
location of the simulated cases is shown in Fig. 7. Hereafter the pro-
posed interfaces are commented.

As stated above, horizontally stratified flows are defined so as
Fr < 1. A transition zone between horizontally stratified and intermit-
tent or annular mist flows is defined as 1 < Fr < 2.

Fig. 4. Location of annular mist and bubbly cases for horizontal LLE-helium flows on Baker [23] flow regime map.

Fig. 5. Location of intermittent cases for horizontal LLE-helium flows on Baker [23] flow regime map.
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Fig. 6. Adaptation of Baker flow regime map [23] to RS/MOD4.0 axes, i.e. total mass flux
and helium fraction. BBY: bubbly, PLG: plug, DIS: dispersed, SLG: slug, ANM: annular and
HST: horizontally stratified.

Following RS/MOD4.0 diagram, Bubbly flow zone is confined by the
constraint M>Mcritic and α ≤ αBS. Mcritic is here moved from 3000 to
80000 kg/(m2· s), what is coherent with Baker's diagram (Fig. 6). How-
ever, αBS has been fixed to 0.45, instead of the 0.8 proposed by Baker,
to fit with the obtained results.

The intermittent zone is then defined by three constraints: Fr > 2,
M≤80000 kg/(m2· s) and α ≤ αSA, where αSA is obtained by further sim-
plification of Baker's diagram as αSA =−5.25 × 10−2log(M) + 1.1076.

Finally, annular mist flow zone corresponds to the high helium frac-
tion α zone not considered by other regimes.

In order to assure the numerical stability of RS/MOD4.0 code, some
extra transitional regions could be required. The performed simulations
have not produced enough information to accurately capture such tran-
sitions. Thus, following a similar approach as the one of the original

flow regime maps of RS/MOD4.0, the transitional regions have been de-
fined as follows (when needed for stability):

• BBY-INT (bubbly-intermittent) transition is neither considered in RS/
MOD4.0 nor here.

• INT-ANM (intermittent-annular) transition region is defined by three
constraints: Fr > 2, M ≤ (80000 + 1000) and max(αBS,
αSA) < αG ≤ max(αBS, (αSA + 0.02)).

• ANM-mist (annular-mist) transition, following RS/MOD4.0 sugges-
tions, is fixed to αG = 0.9999.

4. Vertical flow

A systematic simulation of vertical up-flow ducts at different helium
fractions and mixture velocities is performed. The selected helium frac-
tions are in the range of 0.1–0.9, whereas mixture velocities between
0.0001 m/s and 100 m/s are studied to cover the RS/MOD4.0 range of
the studied regimes. Simulation results at very low mixture velocities are
observed to be independent on the velocity and only rely on helium frac-
tion. This is explained by the dominance of buoyant forces over pressure
driven forces.

Figs. 8–11 present some selected results of the helium map. In Fig.
8 slug flows are shown with their characteristic Taylor bubbles with a
dispersion of small bubbles up-flow. Such dispersion increases with he-
lium fraction (see sub-figures (8) and (9)). In Fig. 9 results presenting
annular mist flow are provided. Clear annular flows are obtained at a
helium fraction of 0.7, this is significantly smaller than the prediction of
current RS/MOD4.0 phase diagram (see sub-figure (10)).

Clearly defined bubbly flows have been difficult to observe since
they appear under high fluxes and small helium fractions. Two exam

Fig. 7. Final proposal of flow regime map for horizontal LLE-helium flows.

Fig. 8. Obtained helium fraction maps for slug up-flows. Labels correspond to Fig. 12
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Fig. 9. Obtained helium fraction maps for annular-mist up-flows. Labels correspond to Fig. 12

ples are sub-figures (18) and (19) in Fig. 10. Cases from (20) to (23) in
Fig. 10 can also be seen as a degenerate form of bubbly flow where he-
lium films are being formed close to the walls. In the same figure, case
(24) shows an intermittency between slug and bubbly flow along the
duct length. Also cases (25) and (26) present attributes of both slug and
bubbly flows.

Cases shown in Fig. 11 could be classified as churn flow were Tay-
lor bubbles are broken or annular flow is degenerated. In current classi-
fication, all transitional flows have been grouped under the concept of
intermittent flow.

4.1. Proposed flow diagram

According to the previously defined flow regimes, the RS/MOD4.0
up-flow vertical regime map has been adapted to fit with the obtained
results. The result is shown in Fig. 12 where solid lines are the pro

posed regime interfaces and dashed lines are current RS/MOD4.0 inter-
faces (for steam-water pair).

In Fig. 12, bubbly flow region is located at the low helium fraction
zone with α < αBS being αBS:

where

At very high helium fractions, following RS/MOD4.0 suggestions,
the mist flow region is defined as α ≤ αAM = 0.9999. No modification

Fig. 10. Obtained helium fraction maps for bubbly and bubbly/slug-transitional up-flows. Labels correspond to Fig. 12

Fig. 11. Obtained helium fraction maps for slug/annular-transitional up-flows. Labels correspond to Fig. 12
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Fig. 12. Solid lines: proposal of flow regime map for vertical up-flow ducts with LLE-helium pair. Dashed lines: current RS/MOD4.0 flow regime map for steam-water pair.

has been applied since such high helium fractions are out of the scope of
the present study.

The annular mist region is defined as αSA ≤ α < αAM where, follow-
ing RS/MOD4.0 suggestions . The
modified parameter is 0.65, whereas is kept at 0.5 as in RS/
MOD4.0. Other parameters are also defined following RS/MOD4.0:

The slug flow region is defined as αBS ≤ α < αDE, where
αDE = max(αBS, αSA − 0.05), whereas the transition zone between slug
and annular mist flow region is αDE ≤ α < αSA.

4.2. Influence of duct width

The influence of duct width on the flow regime has been studied for
the case with a mixture velocity, U, of 0.001 m/s. Results for ducts with
2, 5 and 10 cm width and helium fractions of 0.1, 0.5 and 0.9 have been
compared and shown in Fig. 13.

The obtained flow regime is maintained among ducts for moderate
to high helium fraction. However, at low α, transition from slug to bub-
bly flow is observed when the duct diameter increases. Indeed, the bub-
ble size is preserved regardless of the duct width, yielding to a slug flow
when bubble size is of the same order of magnitude as the duct width.
Considering that in the here proposed flow diagram αBS and are
functions of the duct width, the obtained slug and bubbly flows are well
predicted.

5. Final remarks

Two preliminary flow regime maps of the pair LLE-helium have been
proposed based on the volume of fluid methodology implemented in
OpenFOAM toolkit. The proposed maps correspond to horizontal flows
and vertical up-flows. Such maps are defined according to the current
RS/MOD4.0 implementation with the final goal of studying internal loss
of coolant accidents in LLCB breeding blanket design. However, these
efforts can be extended to the simulation of a number of other applica-
tions.

Both maps have been obtained from systematic simulations using the
volume of fluid method and assuming incompressible and isothermal
flows. The simulation has been simplified to a 2D system, the range of
studied helium fractions is 0.1–0.9 and the duct width has been fixed to
2 cm. The vertical flow regime map has been verified for ducts of 5 and
10 cm width. Therefore, the validity of the proposed flow regime maps
is only expected under similar flow conditions.

It is worthwhile to mention that an experimental campaign to val-
idate the proposed flow regime maps is of utmost interest. Indeed, the
experimental campaign should have two phases. In the first phase, the
different flow regimes regions obtained with the CFD simulations should
be proved. In the second phase, the transitions between regimes should
be further captured.

Considering the previous work on LLE-helium properties [3], and
the RELAP/ SCDAPSIM/ MOD4.0 code extension towards the model-
ing of mixture flows with LLE and dry helium [4], the here obtained
flow regime maps, based on the structure already implemented in RE-
LAP/SCDAPSIM/MOD4.0 code, represent a significant step towards the
proper study of breeding blanket off-normal events in LLCB breeding
blanket. Future steps include the implementation of LLE heat transport

Fig. 13. Obtained helium fraction maps for up-flows with mixture velocity of 0.001 m/s and different duct width. Each label has two digits XY, where X stands for the diameter in cm and
Y is the helium fraction multiplied by 10 (i.e. 2–9 corresponds to a vertical duct of 2 cm width and a helium fraction of 0.9).
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correlations and magnetohydrodynamic effects on pressure drop and
two fluid flows.

Finally, these preliminary flow regime maps could be applied to sim-
ulate other breeding blanket designs as the Dual Coolant Lithium-Lead
design (both the European design [24] and the US one [25]) or the Eu-
ropean Helium-Cooled Lithium-Lead design [26].
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